A pproximately 80% of infants (Ͻ1 yr of age) with acute myelogenous leukemia (AML) and acute lymphoblastic leukemia (ALL) have chromosome translocations involving the MLL gene (ALL or HRX) at 11q23 (1-3). Moreover, some cancer patients (5-15%) treated with chemotherapeutic agents, such as etoposide (VP16) or doxorubicin (Dox), develop therapy-related leukemia (t-AML, t-ALL) involving MLL (1-3). VP16 and Dox are known inhibitors of eukaryotic topoisomerase II (topo II) (4), an enzyme that alters the DNA topology pivotal for various cell functions by catalyzing double-strand breakage and rejoining of DNA. The presence of topo II inhibitors in cells stabilizes the double-strand breaks and then a covalent topo II-DNA complex can be trapped by using protein denaturants (4, 5) . MLL is rearranged with partner genes in 40 different translocations with the most common being the t(4;11), t(6;11), t(9;11), and the t(11;19) (1-3). The translocation breakpoints in MLL localize in an 8.3-kb breakpoint cluster region (BCR); the majority of de novo leukemia breakpoints map to the 5Ј half, whereas therapy-related and de novo infant leukemia DNA breakpoints occur predominantly in the 3Ј half of the BCR, within a strong scaffold attachment region (6, 7). The finding that the MLL breakpoints of both the therapy-related and infant leukemia patients occur in the same region of the BCR suggests a similar mechanism of DNA damage (7).
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It is widely accepted that infant leukemia occurs in utero, based on the presence of leukemia in newborns, in monozygotic twins with leukemia and an identical rearrangement of the MLL gene (8, 9) , and by the demonstration of MLL translocations in neonatal blood spots from infants and children who were diagnosed with leukemia (10) . Recently, identification of a stillborn with leukemia and an MLL translocation indicates that, in addition to the in utero event, AML can progress very rapidly (11) . Putative causative agents for infant leukemia have included maternal exposure to natural or synthetic bioflavonoids during pregnancy (12, 13) , some of which inhibit topo II in vitro and which may be similar in their action to chemotherapeutic drugs (5, (14) (15) (16) (17) . Bioflavonoids are divided into three main groups: flavones, flavanones (2,3-dihydro flavones), and isoflavones, which differ in structure and ring substitutions (18) . The inhibitory effect of flavonoids, especially genistein, on human cell growth and tumors has been described (19) . In addition, bioflavonoids cross the placenta and are found in fetal tissues (20) . In this study, we determined that certain bioflavonoids induce MLL BCR cleavage by inhibiting topo II and thus, by inference maternal ingestion of these bioflavonoids could be associated with the induction of infant leukemia.
Materials and Methods
Cells, Bioflavonoids, and DNA. BV173 and K562 cell lines (21) were cultured in RPMI medium with 10% FCS (Life Technologies, Gaithersburg, MD). All bioflavonoids, VP16, Dox, ascorbic acid, and bromelain were purchased in high purity from Sigma. One quercetin complex tablet (Solgar, Leonia, NJ) contains 250 mg quercetin, 25 mg citrus complex, and 5 mg rutin. MLL exons 1-34 were isolated from the MLL cDNA, including the 0.74-kb BamHI MLL BCR cDNA containing exons 5-11 (22, 23) . To analyze the 5Ј terminus of MLL for topo II cleavage sites, the following probes at positions 18, 825, 19, 542 , and 32,119-32,442 were PCR-amplified from the cosmid COS20 (ref. 24 ; Fig. 1 ).
Primary Hematopoietic Cell Cultivation and Differentiation. The mononuclear fraction was isolated from 50 ml umbilical cord blood, or from peripheral blood collected from healthy adults treated with granulocyte colony-stimulating factor, by density separation on Histopaque (Sigma). A total of 1 ϫ 10 6 CD34 ϩ cells were isolated by using a CD34 ϩ selection kit (Miltenyi Biotec, Gladbach, Germany) and cultured in McCoy's 5A medium, 12.5% FCS, 12.5% horse serum with human recombinant growth factors (Research Diagnostics, Flanders, NJ), as described previously (25) , with some modifications including the addition of stem cell factor (20 ng͞ml) and FLT3 ligand (50 ng͞ml). After 12 or 14 days, the cells were analyzed with FACS (Becton Dickinson) (25) , and the in vivo DNA cleavage assay was performed. For T lymphocyte expansion, the mononuclear cells were isolated by density separation on Histopaque. The remaining red cells were lysed with ACK lysing solution (Sigma), diluted to 0.5 ϫ 10 serum-free media (BioWhittaker) with IL-2 (50 ng͞ml) and anti-CD3 (OKT-3) antibodies (100 ng͞ml) (Biotech, Ratain, NJ). Then, the nonadherent lymphocytes were fractionated from the adherent monocytic cell fraction by decanting into a flask, preincubated with 100 ng͞ml anti-CD3 antibodies in PBS. The T lymphocytes were cultured for 12 days and analyzed by FACS, and the in vivo DNA cleavage assay was performed. Genomic DNA isolation and Southern blotting were performed according to Strissel et al. (21) .
In Nuclei Topo II DNA Cleavage Reaction. A 1.6 OD 260 of isolated BV173 nuclei were resuspended in a digestion buffer according to Kas and Laemmli (26) for 10 min at 30°C. Then, 2 units or 4 units of purified human topo II (TopoGen, Columbus, OH) were added for 15 min at 30°C. The reaction was started with 1.5 mM ATP, and 50 M VP16 or 50 M genistein was added for 5 min at 30°C. The reactions were stopped with 1% SDS and 200 g͞ml proteinase K, and genomic DNA was analyzed.
Topo II-Induced DNA Cleavage Reversibility Reaction. BV173 cells were incubated with 25 M and 50 M VP16 or quercetin for 6 h, and the topo II-induced DNA cleavage was reversed by two different methods. After drug treatment, the cells were either washed and incubated with new media for an additional 2 h or centrifuged and then incubated with 100 mM KCl, 40 mM Tris (pH 7.5), 0.5 mM EDTA (pH 8.0), and 3.0 mM MgCl 2 for 15 min at 60°C (27) . The reactions were then stopped with 1% SDS and 300 g͞ml proteinase K, and genomic DNA was analyzed.
In Vitro Topo II Relaxation Reaction. A total of 0.2 g of supercoiled plasmid DNA pSP72 (Promega), prepared from Escherichia coli, or highly catenated kinetoplast DNA from Crithidia fasciculata (TopoGen) and 1 unit purified human topo II (TopoGen) were incubated at 30°C for 5-20 min in the presence of ATP and bioflavonoids or ATP and chemotherapeutic drugs (14, 15) . The reaction products were analyzed on a 1.2% agarose gel and stained with ethidium bromide. The topo II relaxation activity with and without bioflavonoids VP16 and Dox were analyzed by densitometry using the IMAGEQUANT analysis program (Molecular Dynamics).
Results

Bioflavonoids Cause MLL BCR Cleavage in Primary Progenitor Cells and
Cell Lines. To study the possible role of bioflavonoids in infant leukemia, we examined their effect on DNA cleavage in the MLL gene by using primary hematopoietic progenitor cells and cell lines. CD34 ϩ stem cells and the lymphoid cell fraction were isolated from umbilical cord and from peripheral blood samples of healthy individuals (25) . The CD34 ϩ cells were cultured with recombinant growth factors and increased 300-fold with differentiation into both myelocytic and monocytic progenitor cells expressing CD33, CD15, and CD11b. These myelomonocytic 
The compounds tested are grouped as bioflavonoids, chemotherapeutic (chemo) drugs, or controls. From left to right the first column represents the bioflavonoid common names (*, glycosylated; † , methylated; Que, quercetin; Fis, fisetin; Gen, genistein; Quercetin complex (co), commercially available dietary supplement), and the second column represents some of the main sources of the bioflavonoids (H, herbs; C, citrus; R, root vegetables; T, teas; A, apples; B, berries; D, dietary supplements. The third column states the bioflavonoid group name, and the fourth column represents the bioflavonoid concentration in vivo, which produces the level of MLL BCR cleavage equal to 25 M VP16 (in bold) after exposure of BV173 cells and primary hematopoietic progenitor cells to the compounds. After hybridization with the MLL BCR cDNA probe, the MLL DNA fragments (8.3 kb germline and the two MLL cleavage products 7.0 kb and 1.3 kb) were analyzed by densitometry. The concentration of each bioflavonoid that produced MLL breakage similar (Ϯ5%) to 25 M VP16 was determined. Note that 200 M rutin induced only 50% MLL cleavage compared to cells treated with 25 M VP16. The fifth column represents topo II inhibition in vitro using negative supercoiled plasmid DNA or catenated kinetoplast DNA and purified human topo II: ϩϩ, topo II-dependent cleavage activity similar to VP16 or Dox; ϩ, 50% inhibition; ϩ͞Ϫ, 10 -20% inhibition; Ϫ, no inhibition. We also defined the BV173 cell line using a FACS and determined this cell line to be a T͞B-lymphoid precursor. Our FACS analysis identified 92% viable BV173 cells as: 86% CD71 ϩ ͞38 ϩ and CD71 ϩ ͞38 ϩ ͞10 ϩ but negative for CD45͞45RO and CD45RA. Genomic DNA was isolated, digested with BamHI, Southern blotted, and hybridized with a series of probes that scanned the 120-kb of the entire MLL gene (Fig. 1) (22-24) . The key results were the following: (i) Only one DNA cleavage site induced by bioflavonoids VP16 and Dox was identified in the entire MLL gene; (ii) The bioflavonoid induced MLL DNA cleavage site mapped to the 3Ј half of the 8.3-kb MLL BCR between nucleotides 6,800 and 7,000; it was induced after incubation with 4͞6 flavones, 4͞5 flavonols, and 2͞4 isoflavones, including the dietary supplement quercetin-complex. It also colocalized with the DNA cleavage sites induced by VP16 and Dox ( Figs. 1 and 2 ).
Quantitative Analyses of Bioflavonoid-Induced MLL DNA Breakage.
For all cell culture experiments, we used 25 M VP16 as the standard concentration, which represents the mean plasma concentration measured in cancer patients for the first 6 h after administration (31) . The quantity of bioflavonoid-and VP16-induced DNA cleavage products (7.0 and 1.3 kb) in the MLL BCR was compared with the 8.3-kb BamHI germline DNA fragment by use of densitometry of Southern blots hybridized with the MLL BCR cDNA probe (Figs. 1 and 2) . The specific concentration of each bioflavonoid that resulted in the same percentage of DNA cleavage in the MLL BCR as 25 M VP16 is listed in Table 1 . The critical observations were the following: (i) the natural flavonols, quercetin and fisetin as well as the commercially available ''quercetin-complex'', caused the same level of MLL cleavage as did VP16; (ii) the flavone, luteolin, and the isoflavone, genistein, were 2-fold less active than was VP16; (iii) baicalein (the active ingredient in the Asian herb medicament Shosaiko-to), myricetin, apigenin, and genistin showed 4-fold less activity than did VP16; (iv) flavanones, flavanol, ascorbic acid, and bromelain, the latter two being commonly used in dietary supplements, did not induce MLL cleavage; (v) The FACS results at the time of drug treatment from umbilical cord blood (CB) or peripheral blood (PB) CD34 ϩ ex vivo expansion into myeloid progenitor (prog) cells were (c) 20% CD33 ϩ ͞15 ϩ ; 51% CD11b ϩ ͞15 ϩ ; 14% CD11b ϩ ͞14 ϩ , and 15% propidium iodide ϩ (PI); (d) 36% CD33 ϩ ͞15 ϩ ; 33% CD11b ϩ ͞15 ϩ ; 26% CD11b ϩ ͞14 ϩ , and 5% PI ϩ ; (e) from umbilical cord blood T lymphocyte progenitor cells ex vivo expansion: 27% CD4 ϩ ͞8 ϩ ; 44% CD4 ϩ ; 19% CD8 ϩ , and 10% PI ϩ . bioflavonoids with similar ring substitutions, but different ring saturation or geometry induced comparable MLL DNA cleavage (Fig. 3a) ; (vi) low concentrations of genistein, fisetin, and quercetin in combination, or quercetin and VP16 together demonstrated a cumulative effect for induction of MLL cleavage (Fig. 3b); and (vii) all tested bioflavonoids, whether or not they induced MLL cleavage, caused apoptosis 5-10% over the DMSO control (BV173, 5-10%; primary cells, 10-15%) after 6 and 16 h incubation, using annexin V as a marker (Table 1 , and Fig. 2) .
We also investigated whether the same structural elements occurred in AF9, a common partner gene of MLL found in 9;11 translocations of infant AML and patients with de novo and t-AML (1). Similar to the MLL-BCR, we colocalized a VP16-and a bioflavonoid-induced DNA cleavage site in intron 7 of AF9, a common site for translocation breakpoints (our unpublished results). Thus, MLL and AF9 may share a common mechanism for gene breakage and rearrangements, which could be induced by bioflavonoids and result in infant leukemia. In contrast, no bioflavonoid-induced in vivo topo II cleavage site was detected in the MLL BCR or in AF9 in VP16-resistant K562 cells, which has been shown by others to have a quantitative reduction as well as a reduced phosphorylation of topo II (32) . The resistance of K562 cells to both bioflavonoids and VP16 further supports our proposal that topo II is the target of bioflavonoids.
Topo II Is the Target of Bioflavonoids Causing MLL BCR Breakage. To confirm that cellular topo II was the target of bioflavonoids, we included two in vitro experiments incubating purified human topo II (TopoGen) with DNA or nuclei. First, all bioflavonoids used in this study were assayed for inhibition of DNA decatenation on both supercoiled plasmid DNA and catenated kinetoplast DNA (5, 14-17) by topo II and were then compared with VP16 and Dox. Our study showed that the bioflavonoids inhibited human topo II enzyme activity in vitro similar to VP16 and Dox (Table 1) . The bioflavonoids fisetin, myricetin, and quercetin demonstrated inhibition of topo II similar to that of Dox, supporting DNA intercalative activity (5, (14) (15) (16) , and data not shown). Intercalative (e.g., Dox) and nonintercalative antitumor drugs (e.g., VP16) as well as the intercalative and nonintercalative bioflavonoids (5, 14-16 ), all interfere with the breakage-reunion reaction of topo II, causing DNA breakage (4, 27, 33) . Second, in vitro experiments were performed with whole nuclei isolated from logarithmically growing BV173 cells (in nuclei topo II assay). After a 5-min incubation of nuclei with purified human topo II and 50 M of genistein or VP16, cleavage occurred near exon 9 of the MLL BCR, thus confirming our in vivo findings using cultured hematopoietic cells (Fig. 4b) .
The Bioflavonoid-and VP16-Induced MLL BCR DNA Cleavage Is Reversible. Two different in vivo drug reversibility experiments were performed to investigate drug-topo II interactions, and to assess whether the MLL BCR cleavage could be reversed. BV173 cells were incubated with 25 and 50 M VP16 or quercetin for 6 h, then the cells were washed and immediately incubated for 15 min at 60°C in the absence of proteinase K and SDS, or, alternatively, the drugs were removed and the cells were incubated in drugfree medium for an additional 2 h. After DNA isolation and Southern blotting, no MLL breakage was detected with either method (Fig. 4a) , indicating the reversibility of VP16-and quercetin-induced DNA breakage. Topo II-DNA cleavable complexes have the unusual property of being unstable at high temperatures (60-65°C), thus causing rapid reversal of the cleavage reaction (4, 27) . Other investigators also demonstrated reversibility of genomic DNA cleavage after VP16 and especially genistein treatment (16, 27) . (18) . The basic ring system for flavones, flavonols, and isoflavones is planar, whereas the pyran ring of flavanones and flavanols is puckered because of the saturation of the C2-C3 bond. A comparison of the MLL cleavage activity in progenitor cells treated with different groups of bioflavonoids with identical ring substitutions demonstrated the importance of conformational structures (Fig. 3a) . MLL breakage with 4Ј,5,7-trihydroxyflavonoids was detected only with a flavone and isof lavone and not with a f lavanone. For 3,3Ј,4Ј,5,7-pentahydroxyflavonoids, only a flavonol and not a flavanol induced MLL cleavage. Flavanones and flavanols, as well as glycosylated (except genistin) and methylated bioflavonoids, did not induce MLL breakage (Table 1, and Fig. 3a) . Thus, the most potent topo II inhibitors tested in both our in vivo and in vitro experiments were the flavones and flavonols, which are characterized by a planar 7-hydroxy benzopyrone ring with either a 3-or 5-hydroxy substitution and a coplanar 3Ј-or 4Ј-hydroxy-2-phenyl ring, and the isoflavones, which are distinguished from flavones by a 4Ј-hydroxy-3-phenyl ring (Fig. 5) .
Discussion
Our research demonstrates that 10 of 20 bioflavonoids induced in vivo DNA cleavage in the MLL BCR between nucleotides 6,800 and 7,000 by topo II inhibition similar to chemotherapeutic agents. The specificity of bioflavonoids for topo II inhibition was directly confirmed by in vitro topo II catalytic (Table 1 , and refs. 14-17) and in nuclei topo II DNA cleavage experiments (Fig.  4b) . We conclude that some bioflavonoids induce MLL cleavage as actively as VP16 and Dox and represent another class of natural topo II inhibitors. To demonstrate a similarity of the MLL BCR cleavage site in vivo between bioflavonoids and VP16, we have recently analyzed the cleavage site to the nucleotide position using primer extension experiments. Quercetin-and VP16-induced MLL in vivo topo II cleavage sites were staggered by 4 bp (a known feature of topo II DNA cleavage sites; ref. 4) and spanned a region of 47 bp in the high affinity scaffold attachment region of the MLL BCR telomeric of exon 9 (R.S. and P.L.S., unpublished observations). These results confirm our Southern blot analyses of 7.0-and 1.3-kb cleavage products ( Figs.  1 and 2 ). The absence of MLL cleavage in topo II-resistant K562 cells after exposure to bioflavonoids (this report) and VP16 (21, 30, 32) further supports that topo II is the target of bioflavonoids and VP16. Similar evidence was reported by Stanulla et al. (34) with the topo II-resistant CEM-VM15 cell line after a 16-h treatment with VP16.
In reversibility experiments, we demonstrated that bioflavonoid as well as the VP16-induced MLL cleavage can be religated (Fig. 4a) . This religation of DNA breakage through the trapped topo II (33) or by DNA repair implies that the cells are not committed to apoptosis. This supports a model of chromosome recombination and cell death by a two-stage pathway of cellular processing of topo II-inhibiting substances proposed by Liu (4) . During the first stage, topo II inhibitors, such as VP16, Dox, and bioflavonoids, stabilize the topo II cleavable complexes by forming drug:topo II:DNA ternary complexes on chromosomal DNA. This first stage is reversible by DNA religation or by DNA repair (ref. 4 , and Fig. 4a ). In contrast, cellular processing of the accumulating ternary complexes activates the second and irreversible stage, which leads to cell death. This hypothesis is supported by studies of cell lines with topo II inhibitors, such as VP16, which resulted in reversible, proteinassociated DNA fragments of Ͼ300-600 kb in size (35) (first stage of the pathway). Accumulation of these high molecular weight DNA fragments triggered the initiation of apoptotic DNA cleavage, which was irreversible (secondary stage of the pathway) (4, 35) .
We propose that only the first, reversible stage of MLL DNA breakage may lead to illegitimate chromosome translocations resulting in leukemia. This notion is supported by studies of VP16-induced, nonhomologous DNA rearrangements using different genes as markers, which showed that cell death did not induce recombinogenesis and that recombinogenesis is not always a lethal event (36) . Non-topo II inhibitors such as cytosine arabinoside as well as serum deprivation of cells also resulted in MLL cleavage and cell death (34) . In contrast to MLL DNA breakage induced by topo II, and stabilized by topo II inhibitors, the non-topo II inhibitors trigger the initiation of apoptosis and result in apoptotic nucleases cleaving the MLL BCR. The colocalization of topo II and DNase I-induced MLL cleavage indicate that the MLL BCR region between nucleotides 6,800 and 7,000 has an open and accessible conformation susceptible to both topo II and apoptotic nuclease cleavage (21, 34) .
In the EUROCLUS study, including infant and childhood leukemia cases from 1980-1989, it was proposed that these leukemias were because of exposure of the fetus or infant to an infectious agent in utero or after birth (37) . In contrast to the ''infectious-agent'' hypothesis, our present study provides the molecular evidence that bioflavonoids induce MLL breakage and strongly supports the conclusion of Ross et al. (13) that dietary bioflavonoids could be a causative agent for infant and possibly childhood leukemia. In a preliminary epidemiological study, it was demonstrated that maternal consumption of topo II inhibitor-containing foods including bioflavonoids led to an approximately 10-fold higher risk of infant AML (38) . Based on data from 1971-1980, the incidence of infant ALL and AML for several Asian cities, for example, Hong Kong, Osaka, Miyagi, and Kanagawa, was almost 2-fold higher than in Western countries, where the incidence from 1973-1992 was 37 cases per million per year (United States) (39, 40) . This difference in incidence may be because of the high food intake of bioflavonoids in most Asian countries; for example, the Japanese consumption of isoflavonoids in the form of soybeans and soybean products is 1.5-4.1 (genistein) and 6.3-8.3 (genistin) mg per person per day (41) . For example, 1.5 M genistein was detected in human blood plasma after the consumption of 20 g of roasted soybeans. High bioflavonoid concentrations, which persisted for 2-4 days, were also detected in human milk after soy consumption (42, 43) . Using primary and BV173 cells, we detected MLL cleavage with low concentration levels of 10 M quercetin or 10 M fisetin, which were similar to that with 10 M VP16 (Fig. 3b) . Human plasma levels Ͼ1.0 M of quercetin alone were detected after a quercetin-free diet followed by a single meal, corresponding to 200 mg of quercetin. Moreover, the half-life of quercetin was 25 h, implying that repeated dietary intake of quercetin would lead to much higher blood concentrations (42, 43) , similar to those used in this study.
Given the cumulative activity of, for example, quercetin, genistein, and fisetin (Fig. 3b) , these compounds in food or dietary supplements like the quercetin complex (one tablet contains 250 mg quercetin) could result in concentrations of bioflavonoids in human blood sufficient to induce DNA cleavage in the MLL BCR. Food or dietary supplement intake of many of the non-topo II inhibitory flavonoids (Table 1 ) may also be important; for example, the glycosylated flavonol quercitrin is hydrolyzed to the topo II-inhibiting quercetin by intestinal bacteria (44) . The conversion of noninhibitory flavonoids could lead to even higher concentrations of topo II-inhibiting flavonoids in the human body. All of the above studies have measured single flavonoid concentrations in different body fluids; however, no data are available concerning the concentrations of multiple flavonoids representing different groups.
However, health benefits of bioflavonoids have been documented. For example, Japan and some other Asian countries show a low mortality rate from prostate cancer when compared with the Western countries. This low mortality rate may be because of high plasma concentrations of isoflavones, e.g., genistein (44-fold), in Japanese men when compared with Finnish men (45) , which could act like natural chemotherapeutic agents. The flavonoid quercetin has already been tested in phase I clinical trials in cancer patients. The quercetin concentration in the serum of these patients reached 200-400 M after administration (46) , which is more than 10-fold higher than the level we used for the topo II inhibition studies in vivo and therefore could lead to MLL breakage resulting in therapy-related leukemia.
In conclusion, although bioflavonoids may be beneficial in certain circumstances, our studies suggest that high dietary intake of bioflavonoids could cause DNA breaks in MLL and possibly in other partner genes by inhibiting topo II. This event could result in chromosome translocations leading to leukemia in adults, children, and particularly infants, analogous to t-AML and t-ALL after cancer chemotherapy.
